This paper presents a probabilistic evaluation, based on Monte-Carlo method, for the estimation of insulation risk of failure of overhead transmission lines (TLs). The proposed method takes into account the wide-band model of towerfooting grounding system. The wide-band model of grounding system in frequency domain is obtained by the method of moment solution to the governing electrical field integral equations. The electrical parameters of soil are considered to be either constant or frequency dependent. The time-domain representation of the grounding system is inferred through pole-zero characterization of its associated frequency response. The case of a typical 400-kV transmission line is modelled in EMTP_RV with the towerfooting grounding system integrated with the transmission line (TL) system. The results of the paper show that the failure risk of transmission lines is affected by the grounding system model. This effect is more pronounced when the soil electrical parameters are assumed to be frequency dependent.
Introduction
Lightning overvoltages are the leading cause of insulation failure in transmission lines (TLs). Therefore, lightning protection systems of TLs should be properly designed to reduce the maintenance services and the need to replacement of damaged equipment [1] . Lightning failures can be caused by strokes to shield wire, tower body or phase conductors. The lightning phenomenon is characterized by its stochastic nature mainly in terms of the parameters of its return stroke current and the stroke location. Hence, a probabilistic approach is usually adopted to evaluate the lightning performance of TLs. So far, extensive studies have been carried out on the risk assessment and lightning performance of TLs in order to design the proper lightning protection system [2] [3] [4] [5] [6] [7] . In the previous works the grounding system has been modeled with a linear or nonlinear resistor [2] [3] [4] [5] . However, a method has also been presented in [8] [9] [10] for wide band modelling of grounding systems in the EMTP-like tools. This helps with the accurate calculation of lightning overvoltages. In this paper, the statistical parameters of lightning are taken into account and insulation failure risk is estimated by a link connected between MATLAB environment and EMTP_RV program. In order to go through this, the grounding system of tower of transmission line is modeled in static-model (ST model), wide-band model assuming constant electrical parameters for the soil (CP model), and wide-band model assuming frequency-dependent electrical parameters for the soil (FD model). However, the calculation of the lightning related failure risk is carried out based on the Monte-Carlo method.
Lightning Related Studies

Lightning Parameters
The peak value (I P ), rise time (t f ) and time to half value (t h ) are the main parameters of the lightning waveforms, in which the statistical variation of each of the above parameters is approximated by a log-normal distribution [11] : 
Where σ lnx and x are the standard deviation and median value of each lightning parameter x, respectively. The statistical data of lightning parameters can be adopted from Table 1 . The statistical distribution of subsequent strokes in a flash can be selected based on the distribution given in [11] . 0.47 0 *ρc = correlation coefficient between peak current and rise time.
Termination Point of Impacts
It is assumed that lightning strokes are uniformly distributed on an impact area, Fig. 1 , where its width Y max is limited by a distance that corresponds to the maximum peak current magnitude and derived from the electro-geometric model (EGM) of transmission line [4, 5] . The length of the impact area is the line span. Having the point of lightning occurrence on the ground, termination point of impact (stroke to ground, shield or phase conductor) can be determined. In Fig. 1 , R g and R c are striking distances to the conductors and ground, respectively [12] . 
Transmission Line Components Modeling
Transmission Tower
The schematic diagram of a typical tower of the 400 kV test line and its resultant multistory model is shown in Fig. 2 . In the multistory model, Z t1 (=200Ω) is the surge impedance between the tower top to the phase and Z t2 (=150Ω) is the surge impedance between phase arm to the tower bottom. Further details regarding for the values of R and L can be found in [13] . 
Insulator String Flashover Characteristic
The insulator string modeling of transmission line affects the calculation of the failure risk caused by lightning surges. The insulator string can be modeled as a voltage controlled switch connected to a parallel capacitor, as shown in Fig. 3 [14] . If the peak value of the lightning current exceeds a socalled critical current, the insulator experiences the flashover that closes the switch in parallel with the capacitor. In this paper, the integration method is used for evaluation the effect of non-standard lightning overvoltages. The integration method is expressed as follows [14] :
Where DE (kv k .µs) is the disruptive effect of the applied impulse voltage, t 0 (µs) is the instant that the instantaneous voltage V(t) exceeds the minimum voltage V 0 beyond which the breakdown process starts; and k is a factor accounting for the effects of the applied voltage amplitude and time on DE. In the integration method, breakdown occurs when the integral (DE) becomes equal to or higher than the critical disruptive effect DE*. Table 2 presents the adopted values of constant parameters of the integration method, from which K=1.36 is adopted in this paper. 
Tower Footing Impedance
For the lightning related studies, the tower footing impedance conventionally is modelled by a simple nonlinear resistance in which the soil ionization is a function of the instantaneous current flows through the tower footing [4, 5, [15] [16] [17] . In this modeling, the frequency dependence behavior of the soil electrical parameters is ignored [18] - [20] . Concerning the frequency dependence of soil electrical parameters, the model proposed by Longmire and Smith is used [21] . It is supposed that in the adopted model the working frequency interval changes over DC to 2 MHz. The grounding system is modeled either by its static model (ST) or its wide-band model. In the case of static modeling, the grounding system is modeled by resistance equal to the low frequency value of the impedance magnitude of the tower footing grounding system. The wide-band modeling refers to CP-wide-band (CP model) where the soil electrical parameters are assumed to be constant or FD-wide-band (FD model) where the soil electrical parameters are assumed to be frequency dependent as suggested by Longmire model. Further detail on wide-band modeling of tower footing grounding system can be found in [9] . It must be mentioned that in the current work the soil ionization is disregarded.
Modelling of Grounding System
To calculate the admittance matrix of grounding system over the desired frequency interval, the Method of Moments (MoM) can be used to solve the Electric Field Integral Equation (EFIE). The same procedure of [9] is used to determine the admittance matrix of the grounding system as
where n is the number of ports of the grounding system while aij(s) (i=j) and aij(s) (i≠j) respectively denote the self and mutual admittances for and between ports i and j. The reader is referred to [9] for further details. Following the procedure of [9] , the state space model of the grounding system admittance matrix is developed for the time domain simulation in EMTP.RV. The overall procedure involves rational fitting of the admittance matrix and then constitution of the state-space model in the form of (4) where x(t) is the state vector while v(t) and i(t) hold the voltage and current vectors of each port of the grounding system (see [22] for further details). It must be mentioned that the state-space equations can be implemented in EMTP_RV, directly [9] .
Failure Risk Analysis
Due to random nature of lightning parameters, Monte Carlo simulation is an appropriate tool for the lightning-related studies. Assuming the impact area of Fig. 1 , Monte Carlo simulation can be summarized as: 1) generating random values of lightning flash parameters and coordination of the first stroke lightning stepped leader (x, y) on the impact area; 2) application of an Electro-geometric model (EGM) to determine termination point of impact of each lightning stroke; assuming that the subsequent strokes follow the same path of the first stroke [23] ; 3) estimating the overvoltages generated by the lightning strokes, depending on the termination point of impact; 4) calculating the insulation failure risk. The overall process of the proposed method is presented in Fig. 4 . The insulation failure risk (F.R.) that is the sum of the failure risks caused by back-flashover (BF) and shielding failure (SF) can be calculated by [4] :
where P(V) is the disruptive discharge probability of insulator string; f(V) is the probability density functions of all overvoltages caused by either SF or BF; V Min and V Max are the minimum and maximum overvoltages produced across the insulator string. It can be seen that the grounding impedance is almost constant up to 100kHz and increases for the greater frequencies. Also, the variation of grounding impedance proportional to the frequency is more intense for longer electrodes. In Fig. 6 , the variation of grounding impedance for a vertical rod electrode with 7mm radius is shown for the soil with different resistivity. The same as the obtained results of Fig. 5 , one can see that the grounding impedance remains constant up to 100kHz frequency while increases for the greater frequencies. Also, it can be seen that for the frequencies greater than 100kHz, the behavior of rod electrode buried in the soil with high resistivity (ρ=1000 Ω.m) is firstly capacitive and then is inductive.
Numerical Results
Frequency domain simulation
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Time domain simulation
The presented method in this paper is performed for risk analysis of a typical 400 kV transmission line, Fig. 2 , with the basic lightning impulse insulation level (BIL) of 1450 kV. The line specifications are also shown in Table 3 . The towers are represented by multi-story model and the transmission line is modeled by J. Marti's model [24] . The Heidler function [25] is also used to represent the lightning current waveform. At first, the procedure involves the estimation of the admittance matrix of grounding system and the representation of its state-space model to be incorporated in the EMTP_RV software. In order to perform the Monte Carlo simulation, different parameters of each lightning stroke and location of lightning occurrence on the impact area, Fig. 1 , is obtained. Thereafter, the EGM model of TL is constructed for each of the lightning stokes separately and termination point of impact of each lightning stroke (ground, phase conductor and tower) is determined. The aforementioned steps are performed in MATLAB environment. Once the termination point of impact of each stroke has been determined, the EMTP simulation is performed to estimate the overvoltages. It must be noted that the subsequent strokes are simulated only for the flashes where the first stroke did not cause flashover.
To obtain the lightning parameters statistically, values of each parameter is produced randomly according to its theoretical distribution presented in Table 1 . The convergence of the Monte Carlo simulation is checked by comparing the probability density function of random variables to their theoretical functions. In this paper, a %5 of error is set to stop the procedure. For example, Fig. 7 presents the distribution of random values of peak current magnitude and rise time with their associated correlation, for the first lightning stroke. The grounding system of each tower is modeled in the EMTP_RV using the procedure described in the preceding sections. The analyses are done for a one-port vertical rod and a four-port simple square grid grounding systems, as shown in Fig. 8 [26] . A sensitivity analysis on the behaviour of the vertical grounding rod with 12.5mm radius and relative permittivity εr =10, has been carried out, in which the result is shown in Fig. 9 . Owing the results, it is clear that for decreasing the inductive behaviour of grounding system, shorter electrode must be used; and for the electrodes with length of equal or shorter than 3m, the grounding system is capacitive. However, this is not useful practically; as to achieve the low tower footing resistance in power frequency, longer electrodes must be used. The transmission line tower is first assumed to have a rodshaped footing grounding system. The length of the grounding rod is 15m with a circular cross section radius of 12.5mm. Three different soil resistivities; ρ=100 Ωm, ρ =500 Ωm and ρ =1000 Ωm are used for simulation, all having the same relative permittivity of εr=20. The Matrix Pencil Method (MPM) [27] is used for the polezero identification of the calculated admittances based upon which the state-space block of the grounding system which is constructed for the EMTP_RV. A sensitivity analysis, Tables 4-6, was performed to study the influence of lightning parameters and different modelling of grounding system on the maximum voltage produced across the insulator string, while the lightning surge hits to shield wires. To investigate both of the inductive and capacitive behaviors of the grounding system, the analysis was performed for rod length of 15m and 3m. Following conclusions can be made from the above results:
• It is clear that the wide band modeling of grounding system significantly affects on the lightning overvoltages produced across the insulator string. It can be seen that the difference between the results than to static model is more pronounced especially in the case of frequency dependent modeling of the soil electrical parameters, i.e. FD model.
• The effect of wide-band modeling on produced overvoltages depends on the capacitive or inductive behavior of the grounding systems which, in turn, is a function of the ground electrode length and soil resistivity.
• However, the wide band modeling is most effective on grounding system with capacitive behavior, especially for soil with high resistivity. Fig. 10 presents the maximum voltages produced across the insulator string caused by the lightning first stroke, for different types of grounding system model. It is noted that, due to the tower configuration, the critical current is 60 kA. Then, lightning currents hitting to the phase conductor did not exceed 60 kA. It can be seen that the effect of wide band modeling of grounding system is more pronounced when the soil electrical parameters are considered to be frequency dependent for the soils with high resistivity and especially for the grid shape grounding system. From the results of Fig. 10 , it is clear that for the lightning strokes to the shield wires, the generated overvoltages across the insulator string increase as the soil resistivity increases; also the obtained overvoltages for the grid-shaped grounding system are generally lower than the rod-shaped grounding system. However, for the strokes to phase conductors the resultant overvoltages are reduced with increasing the soil resistivity and the maximum overvoltages for the grid-shaped grounding system are higher than those of the rod-shaped grounding system. The distribution of lightning overvoltages caused by shielding failure and back-flashover for different grounding systems are obtained by Monte Carlo simulation (Tables 7  and 8 ). For every simulation, depending on the termination point of impact, the maximum value of voltage is stored and, finally, from each maximum voltage set obtained for all simulations, the distribution of the overvoltages is found. All results are obtained after 30000 runs. It is assumed that the density function of the overvoltages has a normal distribution [6] :
Having known the voltage distribution, the failure risk of insulation can be calculated by (8) . It is noted that once the probability of failure has been determined, the expected life (E.L.) can be calculated by:
where N g is the number of flashes/100 km/year. The failure risk (F.R.) and the expected lifetime (E.L.) of the test line are calculated and shown in Tables 9 and 10 for rod-shape and grid-shape grounding system, respectively. Owing to the obtained results, the wide-band modeling of grounding system could change the failure risk of insulators compared to the case of static modeling. It should be pointed out that for the soils with low resistivity (ρ=100 Ω.m) the considered grounding systems reveal an inductive behavior, i.e., taking higher values at high frequencies. Hence, the failure risk for the case of wide-band model is expected to be higher than that of the static model. In other words, the expected lifetime obtained for the case of wide-band decreases. The decrement of the expected lifetime depends on the ground flash density. In general, the higher the ground flash density, the less the lifetime is expected. Similarly, and referring to the same interpretation, when the capacitive behavior of the grounding system is more dominant (the case of soil with ρ=1000 Ω.m), we expect lower risk values for the case of wide-band model ground as compared with the case of static model (see Tables 9 and  10 ). The results presented for the first and subsequent strokes show the same behavior in terms of the risk values and expected lifetime.
Conclusion
A probabilistic procedure has been performed in this paper for the lightning related failure risk calculation of TLs insulators, considering the wide band model for two types of tower footing grounding systems namely a vertical grounding rod and a simple square grid were studied. To this aim, first the frequency dependence admittance matrix of grounding system was calculated by the method of Moments solutions to governing electric field integral equation. Then, the pole-residue identification of the admittance matrix of the tower footing grounding system was obtained and its associated state-space equations were incorporated into the EMTP_RV software. The proposed probabilistic approach was established based on the Monte Carlo simulation, in which at first, random values of lightning parameters were generated and termination point of impact of each lightning stroke (phase conductors, shield wires, or ground) were determined by mean of EGM model of transmission lines. Thereafter, the produced overvoltage for each stroke was calculated by EMTP_RV. In this study, the subsequent strokes were only considered for the lightning flashes where the first stroke did not cause flashover. Finally, the failure risk of insulation was calculated. The model of Longmire and Smith was adopted for the frequency-dependent soil parameters.
From the results, it was found that the wide-band model of the tower-footing grounding system can affect (either decrease or increase) the insulation risk and the expected lifetime of insulation of TLs. This effect is mainly determined by the grounding system structure, ground flash density and the soil electrical parameters. However, the wide band modeling is most effective on grounding system with capacitive behavior consisting of short electrodes, especially for soil with high resistivity.
